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Abstract—Studies of football athletes have implicated repet-
itive head impact exposure in the onset of cognitive and brain
structural changes, even in the absence of diagnosed concus-
sion. Those studies imply accumulating damage from suc-
cessive head impacts reduces tolerance and increases risk for
concussion. Support for this premise is that biomechanics of
head impacts resulting in concussion are often not remark-
able when compared to impacts sustained by athletes without
diagnosed concussion. Accordingly, this analysis quantiﬁed
repetitive head impact exposure in a cohort of 50 concussed
NCAA Division I FBS college football athletes compared to
controls that were matched for team and position group. The
analysis quantiﬁed the number of head impacts and risk
weighted exposure both on the day of injury and for the
season to the date of injury. 43% of concussed athletes had
the most severe head impact exposure on the day of injury
compared to their matched control group and 46% of
concussed athletes had the most severe head impact exposure
for the season to the date of injury compared to their
matched control group. When accounting for date of injury
or season to date of injury, 72% of all concussed athletes had
the most or second most severe head impact exposure
compared to their matched control group. These trends
associating cumulative head impact exposure with concus-
sion onset were stronger for athletes that participated in a
greater number of contact activities. For example, 77% of
athletes that participated in ten or more days of contact
activities had greater head impact exposure than their
matched control group. This unique analysis provided
further evidence for the role of repetitive head impact
exposure as a predisposing factor for the onset of concussion.
The clinical implication of these ﬁndings supports contem-
porary trends of limiting head impact exposure for college
football athletes during practice activities in an effort to also
reduce risk of concussive injury.
Keywords—Repetitive head impact exposure, Subconcussive,
Traumatic brain injury, Sport-related concussion.
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INTRODUCTION
Sport-related concussion (SRC) has become
increasingly recognized as a signiﬁcant public health
issue,54 known to produce acute changes in brain
function resulting in an array of postconcussive
symptoms and functional impairments. There is also
increased concern about the effects of repetitive con-
cussion, which may include persistent neuropsychiatric
symptoms, cognitive dysfunction and neurodegenera-
tive disease.23,24,37 It has long been understood that the
biomechanical mechanism of concussion is associated
with head impact resulting in linear and rotational
accelerations.27,39 To investigate concussion biome-
chanics in a sports setting, electronic sensor systems
were developed to quantify head impact accelerations.
The most commonly used system is the Head Impact
Telemetry (HIT) System, which consists of a series of
accelerometers placed between the padding gaps of
Riddell football helmets.18 The HIT System was used
to quantify head impact biomechanics associated with
concussion in football, resulting in the development of
injury risk curves using regression techniques.13,22,45
The implicit assumption of these analyses is that the
biomechanical onset of concussion (i.e., the concussive
injury) was associated with a single head impact event.
The single impact mechanism of concussion is sup-
ported by a wealth of experimental studies.32,40–42,49
More recently, additional questions were raised
about whether repetitive head impacts with magni-
tudes below those typically associated with diagnosed
concussions may change concussive tolerance or
eventually manifest as structural, cognitive and neu-
ropsychiatric changes typically associated with the
onset of concussion.2,31,34 The vast majority of head
impacts in sports are of relatively low magnitude and
usually not associated with clinically-identiﬁable con-
cussion.15 For example, Rowson and Duma recorded
approximately 63,000 head impacts using the HIT
System with only 37 diagnosed concussions.45 On an
individual basis, athletes were shown to sustain a high
number of repetitive head impacts through routine
participation in football. Broglio and colleagues
recorded over 32,000 head impacts in 42 high school
football athletes during a 15-week season, resulting in
an average of 774 recorded head impacts per player.11
The number of head impacts per player varied by
position, with linemen sustaining the highest number
and quarterbacks receiving the fewest. Focusing on
effects of head impact exposure in non-concussed
athletes, Talavage and colleagues identiﬁed measurable
changes in neurocognitive performance and functional
magnetic resonance imaging (fMRI) metrics associated
with routine participation in high school football.51
The magnitudes of those changes were correlated to
the number of repetitive head impacts.8 Similarly,
McAllister and colleagues reported that changes in
white matter diffusivity in college football athletes
were correlated with measures of head impact expo-
sure.35 Other studies reported similar ﬁndings.2,16,30,34
Despite the focus on biomechanics of concussive
events and correlation of repetitive head impacts to
neuropsychological and magnetic resonance imaging
changes in the brain, limited eﬀort was made to cor-
relate concussion onset with repetitive head impact
exposure. Findings from studies referenced above im-
ply that repetitive head impacts likely decrease
biomechanical tolerance for concussion resulting in the
athlete being more susceptible to injury from lower
magnitude impacts. In 2007, Guskiewicz and col-
leagues hypothesized a role for repetitive head impact
exposure due to considerable variability in concussion
biomechanics for their sample of 13 concussed college
football athletes, with some athletes experiencing
concussion onset following low magnitude impacts.25
Beckwith and colleagues provided data to support this
hypothesis by demonstrating that athletes with delayed
concussion reporting had a signiﬁcantly higher number
of head impacts on the day of injury and within seven
days of injury.4,5 These ﬁndings have contributed to a
line of thought that recent and/or lifelong repetitive
head impact exposure may be a contributing factor to
decreased concussive tolerance and concussion onset.
METHODS
This study was conducted to provide an analysis of the
possible role for repetitive head impact exposure in the
biomechanical onset of concussion in college football
athletes. Head impact exposure of concussed National
Collegiate Athletic Association (NCAA) Division 1 FBS
football athletes was compared to each injured athlete’s
controls, matched for both team and playing position, to
determine if injured athletes had a higher volume or
severity of head impacts than athletes that were not con-
cussed. Head impact exposure for concussed athletes was
compared to their position- and team-matched controls
for a direct comparison between athletes participating in
similar practice activities over the same time period.
Population and Data Collection
Data included in this investigation are a subset of
the NCAA-DoD Grand Alliance Concussion Assess-
ment, Research, and Education (CARE) Consortium.
Methods were described elsewhere12 and the study
protocol was approved by the Institutional Review
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Board (IRB) at the Medical College of Wisconsin
(MCW), with local sites utilizing a reliance agreement
with the MCW IRB. Varsity college football athletes
from six NCAA Division I FBS programs were con-
sented and enrolled. Those programs included the
United States Air Force Academy, the United States
Military Academy at West Point, the University of
California Los Angeles (UCLA), the University of
North Carolina at Chapel Hill (UNC), the University
of Wisconsin, and Virginia Tech (VT). Athletes from
UCLA, UNC, and VT participated in 2015 and ath-
letes from all six institutions participated in 2016 and
2017. Each athlete was equipped with the helmet-based
Head Impact Telemetry (HIT) System18 (Riddell SRS,
Riddell, Rosemont, IL, USA), which measures head
linear accelerations using six accelerometers inside the
football helmet and computes peak component and
resultant linear and rotational accelerations. HIT
System encoders were included in Riddell Speed and
SpeedFlex helmets. Data acquisition triggered any
time a single accelerometer exceeded a 9.6-g threshold.
Only impacts with peak resultant linear acceleration
greater than 10 g were included for analysis. Acceler-
ations under 10 g can be associated with non-impact
dynamic movements in the athlete. Head impact data
were wirelessly transmitted to a laptop computer on
the sidelines, and included peak resultant linear and
rotational accelerations. Data were then stored in the
Riddell cloud storage. The study team was provided
access to the HIT System data in the cloud or by direct
transfer from the local site via a secure ftp server.
Personal identifying information was removed from
the data by assigning a study speciﬁc number to each
player.
Head impact data were recorded for all practice,
scrimmage and game activities during the 2015, 2016,
and 2017 football seasons, including spring practice,
preseason training camp, and regular season practice
and games. Local athletic medicine staﬀ and study
coordinators were responsible for assignment and
maintenance of the HIT System, including placement
in the helmets, charging, data oﬄoad and notiﬁcation
of the study team of any defective systems.
Concussions were identiﬁed and diagnosed by team
medical staﬀ, according to a standardized protocol
outlined by the CARE Consortium.12 Speciﬁcally,
concussion was deﬁned according the consensus deﬁ-
nition from the U.S. Department of Defense (DoD)
evidence-based guidelines initiative, which closely
parallels the AAN deﬁnition.14 Concussed athletes
were entered into the CARE concussion protocol,
consisting of repeated clinical assessments with ad-
vanced imaging and blood biomarker analysis. Local
study team members recorded detailed data on the
injury date and time, type of activity (practice, scrim-
mage or game), type of play and direction of head
impact. Following notiﬁcation of the injury, the study
team secured the HIT System and video data for the
date of injury and participated in a detailed analysis to
identify the head impact associated with concussion
onset. The analysis included at least two team members
of the CARE Advanced Research Core (ARC) Head
Impact Measurement Core and accounted for infor-
mation in the concussion report, as well as head impact
and video data from the injury date.
Analysis of Repetitive Head Impact Exposure
Repetitive head impact exposure was assessed both
on the injury date and from the initiation of activities
for the season in which the player was injured (spring
or fall of 2015, 2016, or 2017) through the injury date.
Multiple athletes sustained concussion during March
and April. Therefore, repetitive head impact exposure
was quantiﬁed during those times. However, spring
football was treated as a separate ‘season’ from fall
football because activities occurred during time peri-
ods that were somewhat distant from fall with ex-
tended periods without contact activities between the
fall and spring seasons. Therefore, the eﬀect of repet-
itive head impacts for the onset of concussion was less
immediate. Accordingly, six distinct ‘seasons’ were
analyzed consisting of March–April and August-De-
cember 2015, 2016, and 2017.
Head impact exposure was quantiﬁed for each
athlete using the number of recorded head impacts
and a cumulative injury risk metric (i.e., risk weighted
exposure52) that was calculated based on the cumu-
lative severity of recorded head impacts. Both metrics
were quantiﬁed on the day of injury and for the
season up to and including the injury date. The risk
weighted exposure metric (RWE) assigned a risk of
injury to each head impact based on the peak mag-
nitude of linear (€x) and rotational (€h) acceleration,
according to the concussion probability equation
developed by Rowson and Duma,45 shown below in
Eq. (1). The RWE was then calculated as the sum of
the risk associated with all head impacts over the
given period (i.e., day of injury or season through the
injury date).
RWE ¼
X 1
1þ eð10:2þ0:0433€xþ0:000873€h0:000000920€x€hÞ
ð1Þ
Selection of Controls
Selection of control athletes was focused on the
identiﬁcation of non-concussed athletes that were ex-
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posed to the same practice and game conditions as the
concussed athletes, acknowledging that positional
hierarchy (i.e., starters vs. backups) was not actively
tracked or updated by the study. Accordingly, head
impact exposure for each concussed player was com-
pared to their position- and team-matched controls. In
other words, head impact exposure for an injured
defensive back at University 1 was compared to other
defensive backs at the same University. While this
limited the total number of controls for each injured
athlete, it provided a very speciﬁc comparison between
athletes that had very similar contact activity proﬁles.
Practice days, times, and activities vary between pro-
grams and position groups, and this analysis eliminates
much of that variability. Athletes were grouped into
seven primary position groups including defensive
backs, linebackers, defensive linemen, oﬀensive line-
men, receivers, oﬀensive backs, and quarterbacks.
Defensive backs included cornerbacks and safeties.
Receivers included wide receivers and tight ends.
Oﬀensive backs included running backs and fullbacks.
Kickers/punters were not included in the analysis as
there were no concussions sustained for athletes in
those position groups. Each concussed athlete was then
matched to all enrolled athletes in his position group
that also played for his team. However, controls that
participated in greater than 33% more or fewer days of
contact football activities from the start of the ‘season’
through the injury date were excluded from the anal-
ysis since the objective of these comparisons was to
compare head impact exposure between athletes that
had similar contact activity participation. A majority
of injured athletes were matched to more than 1 con-
trol participant using this method, allowing us to
analyze a more meaningful distribution of non-injured
athletes.
In addition to the team- and position-speciﬁc com-
parison, head impact exposure for concussed athletes
was also compared to the entire uninjured control
population. The number of head impacts and RWE
was calculated for each day of participation for all
controls. Those metrics for each injured athlete on the
day of injury were compared to the distribution from
the uninjured population. Speciﬁc attention was paid
to concussed athletes that sustained a number of im-
pacts or RWE on the day of injury that exceeded the
75th and 90th percentile for the non-concussed popu-
lation.
Statistical Analysis
Two separate statistical analyses were performed to
discover factors diﬀerentiating concussed athletes from
their matched controls. Both analyses took into
account the ‘‘k controls’’ to ‘‘1 concussed’’ athlete
matching. In the ﬁrst approach, a Rank Score was
calculated for each concussed athlete in his respective
matched-control group according to Eq. (2) below.
Rank Score ¼ concussed athlete’s rank  0:5ð Þ= kþ 1ð Þ
ð2Þ
where ‘‘k’’ equals the number of matched controls. The
formula for Rank Score ensured that the average ex-
pected Rank Score was always equal to 0.5 irrespective
of the number of matched controls. Rank Score was
calculated for each concussed athlete and the average
score was tested vs. the expected score of 0.5, which
indicated no difference between the concussed and
control groups.
In the second analysis, the actual scores of the
considered factors were treated using a mixed eﬀects
approach which took into account matching via a
group-speciﬁc (concussed athlete and his respective
controls) random intercept effect. Each factor was
considered as an outcome and the group membership
(concussed vs. control) as a predictor. Factors tested in
this analysis included the number of head impacts,
RWE, and median linear and rotational head acceler-
ations for all head impacts over the period of interest.
The group membership effect was tested for a signiﬁ-
cant difference from zero.
Results of these analyses were statistically signiﬁcant
when the p value was less than 0.05 and as marginally
signiﬁcant when the p-value was between 0.05 and 0.10.
A third analysis was performed for RWE measures,
wherein the number of contact activities that the injured
athlete participated in was iteratively limited to
increasing numbers and athletes participating in fewer
contact activities than the threshold were removed from
the analysis. The purpose of this analysis was to identify
a possible threshold for participation for which cumu-
lative head impact exposure would have an increased
inﬂuence on the mechanism of concussion.
RESULTS
Five hundred eleven (511) college football athletes
from six NCAA Division 1 FBS college football pro-
grams were consented and enrolled. Head impacts
were recorded using the HIT System for all football
activities during the spring and fall 2015, 2016, and
2017 seasons. A total of 424,059 head impacts were
recorded across 484 unique dates and 34,267 athlete
exposures. The distribution of peak resultant linear
and rotational acceleration for head impacts sustained
by all non-concussed athletes is presented in Fig. 1.
Fifty athletes sustained concussion while wearing
the HIT System. Nine concussions occurred during the
2015 calendar year, 17 concussions during the 2016
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calendar year, and 24 concussions during the 2017
calendar year. Interestingly, a majority of concussions
occurred early in the season. Twenty-four of the 50
concussions (48%) occurred during the month of Au-
gust. Five concussions (10%) occurred during
September, ten (20%) during October, three (6%)
during November, and two (4%) during December. An
additional six concussions (12%) occurred during
Spring football practices (March/April).
Concussions were sustained by athletes in all pri-
mary playing position categories. Oﬀensive linemen
(n = 9), defensive backs (n = 9), and linebackers
(n = 9) were most affected. Running backs (n = 7),
wide receivers/tight ends (n = 7), and defensive line-
men (n = 7) formed the second highest affected group.
Finally, quarterbacks (n = 2) were affected least of-
ten. No enrolled kickers/punters sustained concussion.
When separating concussed athletes by length of par-
ticipation for the season prior to concussion, some
differences by playing position were evident. For
example, all seven defensive linemen were injured after
participating for ten or more days of contact activities.
In contrast, seven of the nine injured defensive backs
and ﬁve of seven wide receivers/tight ends were injured
after participating in fewer than ten days of contact
activities.
The concussive impact was identiﬁed for 50 con-
cussions. Ninety-one percent of concussive impacts
identiﬁed using the HIT System matched the direction
of head impact identiﬁed on video analysis. Recorded
head impacts that did not match the video were shown
to occur to the lateral side of the head (right or left) on
video and were recorded as occurring to the back of
the head in the HIT System. Mean linear accelerations
for the 50 impacts were 71 ± 30 g’s (median: 65 g) and
mean rotational accelerations were 3379 ± 1775 rad/s2
(median: 3050 rad/s2). Head impacts for 28 of the 50
concussions (56%) were associated with a probability
risk of less than 1% according to a previously pub-
lished concussion risk relationship.45 In the case of
these low magnitude concussive impacts, no other head
impacts were recorded on the injury date with associ-
ated risk greater than 1%. Head impacts for 10 of the
50 concussions (20%) were associated with a risk of
greater than 10% (greatest risk: 80%). Head impacts
for the remaining twelve concussions were associated
with a risk between 1 and 10%. In the event of low
magnitude impacts, queries were submitted to Riddell
to ensure that higher magnitude head impacts had not
been ﬁltered out around the time of the concussive
impact. In sum, non-concussed athletes sustained 4589
head impacts with greater linear and rotational accel-
eration than the mean accelerations for concussed
athletes, and 249,160 head impacts with greater linear
and rotational acceleration than the lowest magnitude
concussive impact. These ﬁndings highlight the difﬁ-
culty in predicting concussion in contact sports based
on the magnitude of a single head impact. While the
single impact mechanism likely contributed to con-
cussion in some cases, other concussions were clearly
the result of factors other than the head impact sus-
tained immediately prior to injury.
Comparison to Team- and Position-Matched Controls
Head impact exposure data for each of the 50
concussed athletes and the associated team- and posi-
tion-matched controls are presented in Tables 1, 2, 3,
and 4. Concussed athletes matched to an average of
4.4 ± 2.6 matched control athletes for the injury date
(range 0–10) and 3.8 ± 2.5 matched controls for the
FIGURE 1. Histogram representations of the distribution of
peak linear (top) and rotational (bottom) acceleration for all
head impacts recorded in the 454 non-concussed athletes
enrolled in this study.
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season to the injury date (range 0–10). Forty-ﬁve
concussed athletes matched to two or more controls
for the analysis of head impact exposure on the injury
date (Tables 1, 2) and 42 concussed athletes matched
to two or more controls for the analysis of head impact
exposure for the season to the injury date (Tables 3, 4).
Two athletes had no matched controls for either
analysis period (day/season of concussion), another
two athletes had no matched controls only for the day
of concussion analysis, and two separate athletes had
no matched controls only for the season of concussion
analysis.
Comparison to Team- and Position-Matched Controls:
Day of Injury
Twelve concussed athletes (27%) sustained the
highest number of head impacts for their matched
control group on the date of injury (Tables 1, 2). An-
other six athletes had the second highest number of
head impacts for their matched control group. One
athlete had 47 head impacts on the injury date, the
second highest for all concussed athletes, but had no
matched controls. With regard to the cumulative risk
metric (RWE), sixteen athletes (36%) had the highest
value for their matched control group on the injury
date. Another six athletes had the second highest RWE
for their matched control group. One athlete had a
RWE of 0.713, the third highest for all concussed or
matched control athletes, but had no matched con-
trols. One concussed athlete had a greater number of
head impacts and greater RWE on the injury date than
his one matched control.
Of the athletes that had at least one matched control
on the injury date, 20 (43%) had the highest number of
head impacts for their matched control group, the
highest RWE for their matched control group, or both
(n = 8). Twenty-six concussed athletes (57%) were
ranked 1 or 2 of their matched control group for either
the number of impacts on the injury date, RWE on the
injury date, or both (n = 14). In general, the number
of athletes with high exposure on the injury date was
not different between athletes that participated in
fewer than 10 sessions prior to concussion (Table 1)
and athletes that participated in more than 10 sessions
prior to concussion (Table 2).
TABLE 1. Peak linear (PLA) and rotational (PRA) accelerations, and associated risk, for the concussive impact, and number of
impacts and risk weighted exposure (RWE) on the date of concussion for athletes participating in less than 10 days of contact
activities prior to concussion.
Concussive impact Concussed athlete Matched controls
Athlete Positiongroup
Injury
date
PLA
(g)
PRA
(rad/s2)
Risk
(%)
Contact
days
#
Impacts
Impacts
rank RWE
RWE
rank #
#
Impacts RWE
1 LB 8/2/17 47.4 1681 0.12 2 16 1 of 8 0.012 2 of 8 7 6 (13) 0.022 (0.134)
2 OL 8/4/17 35.5 2008 0.09 2 22 6 of 8 0.007 6 of 8 7 25 (50) 0.114 (0.569)
3 RB 8/5/15 41.3 2159 0.13 3 33 1 of 3 0.013 3 of 3 2 23 (33) 0.344 (0.667)
4 LB 8/7/16 25.2 3238 0.17 3 5 4 of 4 0.005 4 of 4 3 16 (18) 0.049 (0.107)
5 OL 8/9/16 52.5 2885 0.39 3 8 8 of 8 0.008 5 of 8 7 21 (47) 0.008 (0.054)
6 OL 3/23/17 60.2 1787 0.22 3 57 1 of 10 0.022 4 of 10 9 26 (47) 0.024 (0.073)
7 WR-TE 3/25/17 58.2 2546 0.37 3 4 6 of 7 0.005 4 of 7 6 12 (31) 0.009 (0.022)
8 OL 8/11/16 45.7 2616 0.24 4 16 4 of 7 0.008 4 of 7 6 22 (43) 0.017 (0.069)
9 DB 8/4/17 56.3 3366 0.67 4 18 1 of 5 0.013 1 of 5 4 4 (5) 0.002 (0.006)
10 LB 8/6/17 79.7 4677 4.70 4 18 1 of 2 0.059 1 of 2 1 1 0.0001
11 DB 8/7/15 83.3 2918 1.38 5 23 1 of 5 0.094 1 of 5 4 8 (11) 0.012 (0.022)
12 OL 8/14/15 61.1 7805 23.5 5 4 7 of 7 0.236 1 of 7 6 15 (26) 0.016 (0.036)
13 WR-TE 8/18/15 66.4 3495 1.11 5 12 5 of 10 0.011 5 of 10 9 14 (29) 0.034 (0.158)
14 WR-TE 8/18/15 42.2 4024 0.66 5 18 4 of 10 0.075 3 of 10 9 14 (29) 0.034 (0.158)
15 DB 8/10/16 84.8 3124 1.72 5 8 7 of 9 0.019 4 of 9 8 17 (28) 0.119 (0.836)
16 LB 8/12/16 64.2 3955 1.48 5 30 2 of 6 0.029 3 of 6 5 26 (39) 0.026 (0.070)
17 RB 4/4/17 68.3 3505 1.21 5 22 1 of 3 0.033 1 of 3 2 17 (18) 0.018 (0.022)
18 DB 8/8/17 157.2 2650 18.8 5 25 1 of 8 0.237 1 of 8 7 13 (25) 0.030 (0.086)
19 DB 8/9/15 68.0 4004 1.78 6 2 4 of 5 0.017 2 of 5 4 12 (22) 0.017 (0.052)
20 LB 8/13/16 29.2 2109 0.08 6 12 5 of 6 0.003 5 of 6 5 19 (27) 0.014 (0.056)
21 DB 3/21/17 94.9 1536 0.75 6 30 2 of 8 0.024 4 of 8 7 17 (38) 0.080 (0.414)
22 DB 8/11/15 73.9 3737 1.81 8 6 3 of 4 0.033 3 of 4 3 11 (19) 0.069 (0.167)
23 RB 8/7/17 111.1 6476 40.2 8 16 4 of 4 0.513 1 of 4 3 23 (26) 0.053 (0.121)
24 WR-TE 8/12/17 79.1 1588 0.41 8 19 3 of 6 0.029 3 of 6 5 16 (38) 0.017 (0.050)
25 WR-TE 8/16/16 41.6 2553 0.19 9 5 3 of 6 0.003 4 of 6 5 12 (23) 0.014 (0.044)
Concussive impacts with video verification of impact location are scaled for certainty correction according to Ref. 48. Athletes ranked 1 or 2 in
their matched control group for number of impacts or RWE are highlighted in gray. Number of matched controls (#) are presented, as well as
mean(maximum) for the non-concussed controls for number of impacts (# impacts) and RWE.
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Comparison to Team- and Position-Matched Controls:
Season of Injury
Comparison of head impact exposure for concussed
athletes to team- and position-matched controls for the
entire season up to and including the injury date re-
vealed somewhat stronger trends. Eleven concussed
athletes with two or more controls (26%) sustained the
highest number of head impacts for their matched
control group for the season up to and including the
injury date (Tables 3, 4). Another 17 athletes (41%)
had the second highest number of head impacts for
their matched control group. Accordingly, 67% of
concussed athletes were Rank 1 or 2 in their matched
control group for the number of head impacts for the
season up to the injury date, compared to 40% for the
number of head impacts on the injury date.
With regard to the cumulative risk metric, ﬁfteen
athletes with at least one matched control (33%) had
the highest RWE for their matched control group for
the season up to and including the injury date. Another
eleven athletes had the second highest RWE for their
matched control group. Therefore, 57% of concussed
athletes were Rank 1 or 2 in their matched control
group for RWE for the season up to the injury date,
compared to 48% for the date of injury.
Of the athletes that had at least one matched control
for the season up to and including the injury date, 21
(46%) had the highest number of head impacts for
their matched control group, the highest RWE for
their matched control group, or both (n = 5). Thirty-
one concussed athletes (67%) were ranked 1 or 2 of
their matched control group for either the number of
impacts, RWE for the season up to and including the
injury date, or both (n = 23), compared to 57% for
the date of injury.
Predictably, the inﬂuence of repetitive head impact
exposure in concussion onset was stronger for athletes
that participated in a greater number of contact ses-
sions. For example, the number of concussed athletes
with the highest RWE for their matched control group
was greater for athletes that participated in more than
10 contact sessions (Table 4; n = 11, 50%) than ath-
letes that participated in fewer than 10 contact sessions
(Table 3; n = 4, 17%). Likewise, 17 unique concussed
athletes (77%) that participated in more than 10 con-
tact sessions were Rank 1 or 2 for their matched con-
trol group for number of impacts for the season to the
injury date, RWE for the season to the injury date, or
both (n = 14), compared to 14 (58%) concussed ath-
letes that participated in fewer than 10 contact ses-
TABLE 2. Peak linear (PLA) and rotational (PRA) accelerations, and associated risk, for the concussive impact, and number of
impacts and risk weighted exposure (RWE) on the date of concussion for athletes participating in more than 10 days of contact
activities prior to concussion.
Concussive impact Concussed athlete Matched controls
Athlete Positiongroup
Injury
date
PLA
(g)
PRA
(rad/s2)
Risk
(%)
Contact
days
#
Impacts
Impacts
rank RWE
RWE
rank #
#
Impacts RWE
26 DL 4/9/16 95.5 5887 19.12 10 47 0.254 0
27 WR-TE 9/10/16 53.1 3342 0.58 12 13 4 of 5 0.015 3 of 5 4 21 (40) 0.017 (0.041)
28 DL 4/25/15 66.1 2611 0.54 13 9 5 of 6 0.074 3 of 6 5 23 (52) 0.168 (0.683)
29 OL 8/27/15 109.1 2166 2.18 14 43 1 of 5 0.092 2 of 5 4 13 (23) 0.059 (0.151)
30 LB 8/19/17 55.1 3113 0.52 16 13 3 of 3 0.012 3 of 3 2 31 (37) 0.077 (0.120)
31 OL 10/28/17 83.1 782 0.25 16 18 2 of 3 0.027 1 of 3 2 19 (36) 0.006 (0.012)
32 WR-TE 8/19/17 57.7 3195 0.62 17 9 1 of 7 0.009 1 of 7 6 2 (4) 0.001 (0.001)
33 LB 9/13/16 88.0 4536 5.74 19 19 1 of 3 0.304 1 of 3 2 12 (15) 0.051 (0.096)
34 RB 9/3/16 56.5 3578 0.80 21 29 3 of 5 0.030 4 of 5 4 32 (50) 0.089 (0.169)
35 DL 10/17/17 86.5 2293 0.96 23 17 2 of 8 0.026 2 of 8 7 9 (21) 0.011 (0.027)
36 LB 9/17/16 105.4 6666 38.62 25 22 3 of 3 0.421 1 of 3 2 38 (46) 0.119 (0.147)
37 DL 9/13/16 106.3 4492 10.76 28 14 5 of 5 0.114 1 of 5 4 22 (38) 0.045 (0.107)
38 DL 10/4/16 24.6 1369 0.03 29 10 5 of 6 0.002 5 of 6 5 20 (49) 0.011 (0.026)
39 RB 10/11/17 131.7 7844 80.24 38 7 3 of 3 0.856 1 of 3 2 14 (16) 0.309 (0.598)
40 QB 10/28/17 15.2 961 0.02 40 3 4 of 4 0.001 3 of 4 3 19 (47) 0.207 (0.620)
41 RB 10/22/16 78.9 3412 1.71 42 21 3 of 4 0.131 2 of 4 3 24 (49) 0.123 (0.295)
42 DB 10/21/17 45.9 1999 0.14 42 12 0.005 0
43 LB 10/28/17 49.8 2963 0.37 42 20 0.012 0
44 DB 10/28/17 52.3 1426 0.12 46 7 3 of 4 0.003 3 of 4 3 8 (10) 0.022 (0.050)
45 DL 12/3/16 111.7 5185 20.25 52 3 9 of 9 0.436 1 of 9 8 29 (61) 0.078 (0.424)
46 RB 10/28/17 114.9 6008 35.08 55 15 2 of 3 0.600 1 of 3 2 15 (28) 0.174 (0.348)
47 OL 11/19/16 81.5 2986 1.35 61 28 2 of 7 0.093 2 of 7 6 15 (38) 0.021 (0.095)
48 DL 11/25/17 60.8 2227 0.32 61 20 1 of 5 0.015 1 of 5 4 8 (19) 0.004 (0.008)
49 QB 11/11/17 127.9 7999 78.88 64 30 0.713 0
50 OL 12/16/17 52.2 1453 0.12 73 9 11 of 11 0.002 10 of 11 10 24 (53) 0.041 (0.177)
Concussive impacts with video verification of impact location are scaled for certainty correction according to Ref. 48. Athletes ranked 1 or 2 in
their matched control group for number of impacts or RWE are highlighted in gray. Number of matched controls (#) are presented, as well as
mean(maximum) for the non-concussed controls for number of impacts (# impacts) and RWE.
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sions. Likewise, athletes participating in more than
10 days of contact activities had a signiﬁcantly lower
(p < 0.05) cumulative Rank Score for RWE (average
0.286 ± 0.234) compared to athletes that participated
in fewer than 10 days of contact activities (average:
0.429 ± 0.231), indicating a rank within their matched
control group closer to 1.
Statistical Analysis of Matched Control Groups
Trends highlighted above were supported by statis-
tical analyses. In the ﬁrst approach, the Rank Score
was calculated for each considered factor and tested vs.
the expected average score equal to 0.5. Including all
46 concussed athletes with matched controls, the Rank
Score for RWE was found to be marginally statistically
signiﬁcantly lower for the concussed group (p va-
lue = 0.090), indicting a higher RWE and a Rank
closer to 1 for the concussed athletes. That difference
became statistically signiﬁcant as athletes that partici-
pated in fewer days of contact activities were removed
from the analysis. When limiting the comparison to
only athletes that participated in three or more days of
contact activities, concussed athletes had a Rank Score
for RWE that was signiﬁcantly lower (p = 0.014) than
the matched control group. That difference remained
statistically signiﬁcant as the analysis was limited to
athletes with even longer contact participation periods.
For example, athletes that participated in ﬁve or more
(p = 0.035) and ten or more (p = 0.014) days of
contact activities also had a Rank Score for RWE that
was signiﬁcantly lower for concussed athletes than
their matched controls. These ﬁndings indicate that
concussed athletes had higher exposure than their
matched controls for the season leading up to the in-
jury date. However, contrary to the ﬁndings for RWE,
this statistically-based Rank Score analysis did not
reveal signiﬁcant differences between concussed and
matched control groups based on the number of head
impacts for the season leading up to the injury date.
The second statistical analysis was a groupwise
comparison of absolute values for RWE, number of
impacts, and magnitudes of linear and rotational
acceleration on the injury date and for the season up to
the injury date. For the injury date, number of im-
pacts, RWE, and median peak linear acceleration were
not signiﬁcantly diﬀerent between concussed and
matched control groups. However, median peak rota-
tional acceleration was signiﬁcantly greater in the
concussed group (p = 0.041), which was likely
TABLE 3. Peak linear (PLA) and rotational (PRA) accelerations, and associated risk, for the concussive impact, and number of
impacts and risk weighted exposure (RWE) for the season up to and including the date of concussion for athletes participating in
less than 10 days of contact activities prior to concussion.
Concussive impact Concussed athlete Matched controls
Athlete Positiongroup
Injury
date
PLA
(g)
PRA
(rad/s2)
Risk
(%)
Contact
days # Impacts
Impacts
rank RWE
RWE
rank # # Impacts RWE
1 LB 8/2/17 47.4 1681 0.12 2 23 1 of 3 0.014 2 of 3 2 8 (12) 0.009 (0.018)
2 OL 8/4/17 35.5 2008 0.09 2 44 4 of 7 0.012 7 of 7 6 41 (63) 0.209 (0.928)
3 RB 8/5/15 41.3 2159 0.13 3 42 2 of 3 0.015 3 of 3 2 35 (53) 0.350 (0.667)
4 LB 8/7/16 25.2 3238 0.17 3 8 2 of 3 0.013 3 of 3 2 27 (27) 0.070 (0.110)
5 OL 8/9/16 52.5 2885 0.39 3 17 4 of 4 0.011 4 of 4 3 55 (85) 0.148 (0.372)
6 OL 3/23/17 60.2 1787 0.22 3 80 1 of 9 0.046 3 of 9 8 35 (63) 0.029 (0.080)
7 WR-TE 3/25/17 58.2 2546 0.37 3 11 0.008 0
8 OL 8/11/16 45.7 2616 0.24 4 32 4 of 7 0.012 5 of 7 6 54 (100) 0.096 (0.443)
9 DB 8/4/17 56.3 3366 0.67 4 45 1 of 5 0.023 2 of 5 4 19 (34) 0.038 (0.133)
10 LB 8/6/17 79.7 4677 4.70 4 67 1 of 2 0.104 1 of 2 1 5 0.006
11 DB 8/7/15 83.3 2918 1.38 5 52 2 of 4 0.512 1 of 4 3 52 (75) 0.190 (0.230)
12 OL 8/14/15 61.1 7805 23.5 5 84 2 of 7 0.304 1 of 7 6 55 (123) 0.118 (0.302)
13 WR-TE 8/18/15 66.4 3495 1.11 5 31 7 of 10 0.027 7 of 10 9 50 (112) 0.176 (0.930)
14 WR-TE 8/18/15 42.2 4024 0.66 5 54 5 of 10 0.088 5 of 10 9 50 (112) 0.176 (0.930)
15 DB 8/10/16 84.8 3124 1.72 5 42 5 of 6 0.045 4 of 6 5 70 (107) 0.342 (1.166)
16 LB 8/12/16 64.2 3955 1.48 5 80 3 of 6 0.061 4 of 6 5 65 (86) 0.099 (0.211)
17 RB 4/4/17 68.3 3505 1.21 5 101 1 of 3 0.106 2 of 3 2 57 (73) 0.088 (0.140)
18 DB 8/8/17 157.2 2650 18.8 5 109 2 of 8 0.432 2 of 8 7 77 (114) 0.267 (0.527)
19 DB 8/9/15 68.0 4004 1.78 6 49 4 of 4 0.237 3 of 4 3 67 (97) 0.212 (0.282)
20 LB 8/13/16 29.2 2109 0.08 6 40 5 of 6 0.011 6 of 6 5 84 (108) 0.113 (0.215)
21 DB 3/21/17 94.9 1536 0.75 6 130 1 of 5 0.077 2 of 5 4 51 (95) 0.135 (0.459)
22 DB 8/11/15 73.9 3737 1.81 8 79 2 of 4 0.265 3 of 4 3 79 (119) 0.284 (0.459)
23 RB 8/7/17 111.1 6476 40.2 8 96 3 of 4 0.693 1 of 4 3 95 (102) 0.108 (0.198)
24 WR-TE 8/12/17 79.1 1588 0.41 8 110 1 of 4 0.571 2 of 4 3 43 (69) 0.338 (0.960)
25 WR-TE 8/16/16 41.6 2553 0.19 9 31 6 of 6 0.009 6 of 6 5 105 (177) 0.207 (0.354)
Concussive impacts with video verification of impact location are scaled for certainty correction according to Ref. 48. Athletes ranked 1 or 2 in
their matched control group for number of impacts or RWE are highlighted in gray with Rank 1 in bold. Number of matched controls (#) are
presented, as well as mean(maximum) for the non-concussed controls for number of impacts (# impacts) and RWE.
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attributable to the higher magnitude concussive im-
pacts that some of the concussed athletes sustained.
Focusing on the season up to the injury date, RWE,
number of impacts, and median peak linear and rota-
tional accelerations were also not signiﬁcantly different
between concussed and matched control groups
(p > 0.10). However, as the minimum participation
was increased to 5 days, RWE was marginally statis-
tically signiﬁcantly greater for the concussed group
(p = 0.084). This ﬁnding supports the Rank analysis
highlighted above by demonstrating stronger expo-
sure-based trends for athletes that participated in
contact activities for an increased number of days and
highlighting the inﬂuence of RWE as a possible pre-
dictor for concussion onset.
Comparison to the Entire Uninjured Population
Repetitive head impact exposure in concussed ath-
letes can also be compared to the distribution of head
impact exposure from the 454 uninjured athletes. The
distributions of the number of head impacts per day
and RWE per day for the uninjured population is
presented in Fig. 2. The median, and 75th and 90th
percentile for the number of head impacts per day was
8, 18, and 30 head impacts. Likewise, the median, and
75th and 90th percentile for RWE per day was 0.004,
0.016 and 0.056. Focusing on head impact exposure for
the day of concussion, 23 injured athletes (46%) had
equal to or more than the 75th percentile for the
number of head impacts per day for the entire unin-
jured control population. Seven injured athletes had
more than the 90th percentile. Likewise, 29 of 50
concussed athletes had RWE greater than the 75th
percentile for the uninjured population on the injury
date. Therefore, 58% of injured athletes had RWE
greater than 0.016 on the date of injury compared to
only 25% of the uninjured population for any given
day of football activities. Eighteen injured athletes had
more than the 90th percentile, indicating that 36% of
concussed athletes had RWE greater than 0.056 on the
day of injury compared to only 10% of the uninjured
population for any given day of football activities.
The average magnitude of head impacts can also be
compared between concussed and non-concussed
populations. The distribution of head impact severity
for all head impacts sustained by non-concussed ath-
letes is shown in Fig. 1. The median, 75th, and 90th
percentiles for peak linear acceleration of all head
impacts sustained by concussed athletes was 21.1, 32.6,
TABLE 4. Peak linear (PLA) and rotational (PRA) accelerations, and associated risk, for the concussive impact, and number of
impacts and risk weighted exposure (RWE) for the season up to and including the date of concussion for athletes participating in
less than 10 days of contact activities prior to concussion.
Concussive impact Concussed athlete Matched controls
Athlete Positiongroup
Injury
date
PLA
(g)
PRA
(rad/s2)
Risk
(%)
Contact
days
#
Impacts
Impacts
rank RWE
RWE
rank # # Impacts RWE
26 DL 4/9/16 95.5 5887 19.12 10 240 0.549 0
27 WR-TE 9/10/16 53.1 3342 0.58 12 52 0.054 0
28 DL 4/25/15 66.1 2611 0.54 13 50 6 of 6 0.092 5 of 6 5 192 (402) 0.575 (1.329)
29 OL 8/27/15 109.1 2166 2.18 14 342 2 of 7 1.089 1 of 7 6 232 (396) 0.325 (0.602)
30 LB 8/19/17 55.1 3113 0.52 16 183 6 of 8 0.173 8 of 8 7 267 (407) 1.177 (5.562)
31 OL 10/28/17 83.1 782 0.25 16 192 2 of 3 0.114 3 of 3 2 232 (309) 0.655 (0.927)
32 WR-TE 8/19/17 57.7 3195 0.62 17 60 3 of 6 0.101 3 of 6 5 94 (221) 0.655 (2.239)
33 LB 9/13/16 88.0 4536 5.74 19 242 2 of 3 1.557 1 of 3 2 245 (289) 0.862 (1.119)
34 RB 9/3/16 56.5 3578 0.80 21 202 2 of 4 0.322 2 of 4 3 161 (257) 0.440 (0.740)
35 DL 10/17/17 86.5 2293 0.96 23 355 2 of 3 0.533 2 of 3 2 400 (703) 0.767 (1.502)
36 LB 9/17/16 105.4 6666 38.62 25 329 1 of 3 1.596 1 of 3 2 265 (289) 0.938 (1.269)
37 DL 9/13/16 106.3 4492 10.76 28 430 1 of 2 0.269 1 of 2 1 369 0.180
38 DL 10/4/16 24.6 1369 0.03 29 696 1 of 5 1.823 1 of 5 4 384 (652) 0.514 (0.836)
39 RB 10/11/17 131.7 7844 80.24 38 292 2 of 3 2.322 1 of 3 2 261 (293) 1.301 (1.440)
40 QB 10/28/17 15.2 961 0.02 40 162 2 of 3 1.003 2 of 3 2 213 (277) 1.165 (2.197)
41 RB 10/22/16 78.9 3412 1.71 42 697 2 of 4 1.638 1 of 4 3 442 (802) 0.883 (1.036)
42 DB 10/21/17 45.9 1999 0.14 42 146 2 of 3 0.616 1 of 3 2 158 (193) 0.135 (0.138)
43 LB 10/28/17 49.8 2963 0.37 42 648 1 of 2 4.6122 1 of 2 1 481 4.291
44 DB 10/28/17 52.3 1426 0.12 46 340 2 of 2 3.682 2 of 2 1 468 6.075
45 DL 12/3/16 111.7 5185 20.25 52 869 4 of 8 2.517 2 of 8 7 746 (1238) 1.403 (3.155)
46 RB 10/28/17 114.9 6008 35.08 55 694 3 of 4 2.942 1 of 4 3 673 (956) 1.378 (1.967)
47 OL 11/19/16 81.5 2986 1.35 61 1543 2 of 8 2.206 2 of 8 7 853 (1987) 1.125 (3.070)
48 DL 11/25/17 60.8 2227 0.32 61 1245 2 of 6 9.354 1 of 6 5 960 (1571) 3.306 (6.070)
49 QB 11/11/17 127.9 7999 78.88 64 748 3.227 0
50 OL 12/16/17 52.2 1453 0.12 73 972 10 of 11 0.926 9 of 11 10 1592 (2935) 4.102 (15.693)
Concussive impacts with video verification of impact location are scaled for certainty correction according to Ref. 48. Athletes ranked 1 or 2 in
their matched control group for number of impacts or RWE are highlighted in gray with Rank 1 in bold. Number of matched controls (#) are
presented, as well as mean(maximum) for the non-concussed controls for number of impacts (# impacts) and RWE.
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and 49.8 g’s. Likewise, the 50th, 75th, and 90th per-
centiles for peak rotational acceleration of all head
impacts sustained by concussed athletes was 972, 1463,
and 2122 rad/s2. Accordingly, the distribution of head
impact magnitudes between concussed and non-con-
cussed athletes was remarkably similar, varying by 5%
or less for average and high magnitude impacts.
DISCUSSION
The present analysis identiﬁed the role of repetitive
head impact exposure as a moderator for concussive
injury in some college football athletes. Overall, 72%
of concussed athletes in this study had evidence of
elevated head impact exposure either on the injury date
or for the season up to and including the injury date
when compared to their team- and position-matched
controls. That evidence consisted of injured athletes
sustaining the highest number of head impacts and/or
having the highest RWE over the period of study. Risk
weighted exposure is particularly interesting, as it is an
assessment of both the number and severity of head
impacts over the given time period. Stronger associa-
tion of an elevated RWE with the onset of concussion
implies a role for the number and severity of head
impacts as moderating factors in the eventual onset of
concussion. Ten athletes (22%) had the highest RWE
for their matched control group both on the injury
date and for the season up to and including the injury
date. However, at least in the case of season-long
exposure, each concussed player that had the highest
RWE of their matched control group, with only two
exceptions (13/15), also had the highest or second
highest number of head impacts over the period of
analysis. This implies a stronger role for the number of
repetitive head impacts for injured athletes along with
a relatively consistent head impact proﬁle in terms of
the magnitude of linear and rotational accelerations
for injured and control athletes. Results of this study
demonstrated consistency with regard to the severity of
repetitive head impact exposure between injured ath-
letes and controls, with acceleration magnitudes of
routine (50% percentile) and higher magnitude (75th
and 90th percentile) head impacts varying by 5% or
less between the two groups.
These ﬁndings support the increasing trend toward
policies intended to limit head impact exposure during
football practice activities. For example, the Ivy Lea-
gue NCAA football conference moved to eliminate
tackling during all football practices in an eﬀort to
minimize head impact exposure outside of games.6
That type of decision was inﬂuenced by research that
identiﬁed a correlation between an elevated number of
head impacts and changes in cognitive assessments
and/or neurophysiology,2,7,8,35,51 although that ﬁnding
has not had unanimous support in literature.26,38 The
present study provides evidence that the number and/
or severity of repetitive head impacts may play a role in
concussion onset. This is further supported by the
timing of concussions in this study, wherein 48% of all
concussions occurred during the month of August and
60% of concussions occurred in August or during
spring practices. That timing is signiﬁcant as it indi-
cates that concussions occurred prior to the initiation
of game activities and during a time period where
athletes may experience increased head impact expo-
sure due to pre-season preparation activities and two-
a-day practices. However, it should be noted that two-
a-day practices during the preseason were eliminated
by the NCAA in 2017 and the effect of this ruling on
FIGURE 2. Histograms of distribution of number of head
impacts per day and risk weighted exposure (RWE) per day.
Data are presented for the non-concussed population
(n = 454). 50th, 75th, and 90th percentile values are
presented in parentheses.
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concussion rate during the preseason has not yet been
reported. Interestingly, Swartz and colleagues50
demonstrated that helmetless tackling and blocking
drills during practice can decrease the number of head
impacts per athlete exposure by greater than 25%. This
type of change in skills practice may provide some
beneﬁt over the long term by reducing overall head
impact exposure and possibly decreasing concussion
risk.
The ﬁnding of an increased number of concussions
that occurred during the preseason may seem some-
what contrary to the repetitive exposure hypothesis
presented here. That hypothesis would imply a greater
risk for concussion associated with an increasing
number of head impacts. Therefore, exposure would
continue to increase throughout the season and ath-
letes would be at greatest risk for concussive injury at
the end of the season. A greater number of concussions
occurring early in the season could have one of two
possible explanations. The ﬁrst explanation would be
an exposure-based threshold that can be exceeded
relatively early in the season for some athletes. Indi-
vidual variability in single-impact concussive tolerance
was recently identiﬁed,47 and may also hold true for
exposure-based tolerance presented here. The second
explanation would indicate some aspect of time/fre-
quency in the development of increased concussion
susceptibility associated with repetitive head impact
exposure. This explanation may be more likely, given
the recent ﬁnding that the timing between impacts (i.e.,
impact frequency) may inﬂuence injury risk.10 This
could be the result of repetitive low-level injury and
temporal neurometabolic dysfunction,21 with more
frequent head impacts resulting in earlier disruption of
the recovery process. However, these theories require
further study and validation using ﬁnite element or
animal models to characterize progressive effects of
repetitive head impact exposure in relation to concus-
sive risk.
Selection of Controls
Findings from this study are in line with the work of
Beckwith and colleagues, who recently reported an
increased number and severity of head impacts for
concussed athletes on the date of concussion compared
to days without concussion.4,15 However, comparison
of head impact exposure in concussed athletes to team-
and position-matched controls represents a unique
addition to this analysis, designed to focus the com-
parison on individual playing style, while removing
effects of practice activities, coaching styles, and
offensive/defensive schemes. This methodology was
justiﬁed as previous studies demonstrated differences
in football athlete head impact exposure by posi-
tion,11,15 with linemen reported to sustain as many as
two times the number of head impacts as defensive
backs.11 The number of recorded head impacts was
also shown to vary by team,15,33 with athletes from one
team sustaining approximately 35% more head im-
pacts per athlete exposure than another team. There-
fore, the variability associated with those factors has
been removed in the current analysis and differences
evident in Tables 1, 2, 3 and 4 are more attributable to
individual playing style. Accordingly, these results
highlight considerable differences in head impact
exposure that may subject a subset of athletes to higher
risk of concussion based on their style of play. This
ﬁnding would make a case for continuous head impact
monitoring in contact sports. Conceivably, concussion
risk can then be reduced by focusing on playing style
adjustments in athletes with high head impact exposure
to limit the number and severity of head impacts sus-
tained throughout the season.
Concussion Threshold
Consistent with previous studies incorporating
similar data collection methodologies, the magnitude
of head impacts resulting in concussion onset demon-
strated a wide range for the 50 concussed athletes in
this study. Concussion onset occurred following head
impacts that had associated injury risks as low as
0.02%, indicating that concussion from a head impact
of that severity would only be expected twice out of
every 10,000 head impacts. The highest associated risk
for any of the 50 concussive head impacts in this study
was 80%. Mean values for linear and rotational
acceleration were lower than earlier studies,13,19,25 al-
though more recent studies reported magnitudes more
in line with the current ﬁndings.5,17,36 This could be
attributable to a number of factors, but may partially
reﬂect an increasing recognition of concussion symp-
toms for on-ﬁeld sports medicine personnel and ath-
letes, which has occurred over the past several years.
This increased awareness may have resulted in the
identiﬁcation or athlete reporting of lower severity
concussions or those resulting from lower severity head
impacts.
Perhaps more importantly, however, is consistency
in terms of the variability in peak head accelerations
associated with concussion onset. Studies highlighting
concussion biomechanics generally reported some head
impacts that were associated with a very low risk for
concussion, while other head impacts were associated
with very high risks. For example, over half of all
concussions in this study (n = 28) were associated
with head impacts that had biomechanics indicative of
less than a 1% risk of injury according to a previously
deﬁned relationship,45 while the highest risk was 80%.
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McAllister and colleagues reported concussive head
impacts with a similar range of injury risk.36 Even
studies that reported higher mean accelerations than
the current analysis demonstrated some concussive
impacts associated with less than 1% risk.25 These
ﬁndings highlight a possible need to re-think the way
that head impact biomechanics may be used to assist in
the identiﬁcation of concussions in contact sport ath-
letes. According to the studies referenced above, a
majority of contact sport concussive impacts would
not exceed a notable biomechanical threshold, and use
of a lower threshold would lead to a very high number
of false positive alerts. Present results would indicate
that the study of head impact biomechanics may derive
additional clinical utility from the analysis of head
impact exposure in terms of the number and severity of
repetitive head impacts. Accordingly, biomechanical
assessment of contact sport athletes for the identiﬁca-
tion of possible concussions should include screening
for both high magnitude single impacts as well as a
cumulative analysis focused on high exposure.
Risk Weighted Exposure for Concussion Risk
Associated with Head Impact Exposure
The present analysis incorporated RWE that was
used to weight the inﬂuence of the number and severity
of repetitive head impacts in the eventual onset of
concussion. The analysis provided interesting evidence
that head impact exposure may inﬂuence concussion.
However, the analysis highlighted a greater role for the
number than the severity of head impacts. This may be
partially attributable to the use of a metric focused on
the risk of concussion for each individual head impact,
which may have over weighted high magnitude im-
pacts, while under weighting moderate severity impacts
resulting from a steep rise in risk for head impacts in
the 80–100 g43 and 5000–7000 rad/s246 ranges. For
example, the risk of a 100-g and 5000-rad/s2 head
impact is twice that of an impact with biomechanics
only 10% less and six times that of an impact with
biomechanics 20% less. Given the likely incremental
effect of repetitive head impact exposure, a more linear
relationship may be reasonable for RWE. In addition,
the frequency and direction of head impacts was not
accounted for in this analysis. Direction of head
accelerations has long been understood to inﬂuence
concussion risk and severity,20,29 and recent studies
have highlighted a possible role for head impact den-
sity in the onset of concussion.10 Continued collection
and similar analyses to that presented here may pro-
vide more insight on a more accurate dose response
metric.
Nonetheless, in this study season-long RWE
demonstrated a robust relationship with concussion.
For example, an argument could be made that a single
high magnitude concussive head impact may artiﬁ-
cially raise RWE, biasing results based solely on the
most recent head impact. To address this issue, a sec-
ondary analysis was performed wherein the concussive
impact was removed from the calculation of RWE for
all concussed athletes to assess the inﬂuence of that
impact in the overall analysis of exposure. Removal of
the concussive impact changed the season rank (Ta-
bles 3, 4) for only 7 of the 50 concussed athletes.
Concussive impacts for those seven were associated
with injury risks of between 0.2 and 36.8% (mean:
14.3%). Five of the seven participated in 5 or fewer
days of contact activities prior to concussion and only
two of those ﬁve were previously ranked 1 or 2 for their
matched control group. The other two athletes par-
ticipated in 25 and 28 days of contact activities and
their rank was decreased from 1 to 2 in both cases. This
indicated that removal of the concussive impact had a
marginal effect on this analysis of season-long RWE
and the results of this study. However, as expected,
removal of the concussive impact did have a much
larger effect on the date of injury RWE analysis (Ta-
bles 1, 2), wherein the rank for 28 of the 50 concussed
athletes was decreased within their matched control
group.
Inﬂuence of Head Impact Exposure
In the comparison of head impact exposure for
concussed athletes to their team- and position-matched
controls, 34 of the 48 concussed athletes with at least
one matched control had evidence of signiﬁcant head
impact exposure on the day of injury or for the season
leading up to injury. Of the remaining 14 athletes,
another four had RWE on the day of injury that was
greater than the 75th percentile for the entire non-
concussed population. However, ten concussed ath-
letes had no evidence of signiﬁcant head impact
exposure either on the date of concussion or for the
season of concussion. Biomechanics of the head im-
pacts leading to the onset of concussion in all of those
athletes were also associated with less than a 1.25%
risk of injury. For example, the average risk for head
impacts resulting in concussion onset in those athletes
was 0.36%, with eight of the ten resulting from head
impacts less than 60 g and 3200 rad/s2. Therefore, al-
though head impact exposure was likely a contributing
factor in many of the concussions reported in this
study, approximately 20% of the concussions had no
strong biomechanical explanation. This clearly indi-
cates that other factors beyond biomechanics can play
a signiﬁcant role in concussion onset. The reporting of
post-concussion symptoms may be dependent on a
number of factors including genetics, mental health
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history, current life stress, medical problems, chronic
pain, depression, personality factors, and other psy-
chosocial and environmental factors53 including moti-
vation and excessive risk taking. Given the lack of
strong biomechanical evidence for a portion of the
concussed athletes in the present analysis, those factors
may also play a role in either the onset or, more likely,
the reporting of sports-related concussion.
Limitations
A limitation of these analyses is that individual head
impact exposure is known to vary between athletes.
This was evident in data from the present analysis and
others,9 and likely attributable, at least in part, to
differences in playing exposure between athletes in
terms of the number of games, practices, and repeti-
tions for each athlete. Although this study controlled
for the number of days that each athlete recorded head
impacts and, to some degree, repetitions by selecting
team- and position-matched controls, the number of
repetitions may vary between athletes depending on
whether the athlete is a starter or reserve and other
factors including non-concussion injury status. As
baseline assessments were only obtained at the time of
athlete enrollment, starter/reserve status for concussed
athletes in this study was not reliable. Another possible
limitation of the current analysis is that undiagnosed
concussions may have occurred, which were not
accounted for in this dataset. In accordance with the
study protocol and common parameters of concussion
research, our results focus only on diagnosed concus-
sive injuries. There is the possibility that other con-
cussive injuries went unreported or undiagnosed, as
indicated by prior studies.1
Similar to all types of instrumentation used to
measure biomechanical signals, the Head Impact
Telemetry System has an inherent level of inaccuracy
and imprecision that can arise from helmet ﬁt and
usage, assumptions made during data processing, and
the electrical instrumentation itself. Data collected
using this system should be analyzed in light of these
limitations. Laboratory validation of the HIT System
has generally demonstrated positive results,3,44 al-
though some studies have reported higher error values
particularly for facemask impacts.28 More recently,
Siegmund and colleagues performed an extensive lab-
oratory comparison of HIT System data to accelera-
tions measured using Hybrid III instrumentation and
provided uncertainty equations based on helmet im-
pact location.48 Accordingly, peak magnitudes of lin-
ear and rotational acceleration recorded using the HIT
System can be corrected based on helmet impact
location veriﬁed using video analysis. A limitation of
this study is that only concussive impacts were veriﬁed
using video analysis as our resources did not allow for
video veriﬁcation of all 424,059 impacts recorded
during the study. Therefore, some level of inaccuracy
may exist in this dataset, although the level of inac-
curacy would be consistent with other studies using the
HIT System Instrumentation.5,10,26,33,47 Additionally,
since the inaccuracy would be expected to be consistent
across athlete playing positions, based on the distri-
bution of head impact locations, and since the current
analysis demonstrated a stronger correlation with the
number instead of the magnitude of head impacts,
position matching in the current analysis is expected to
somewhat limit these system inaccuracies.
CONCLUSIONS
This analysis highlighted diﬀerences in repetitive
head impact exposure between concussed athletes and
controls that were matched for position and team. The
purpose of the matching procedure was to control for
opportunity for exposure in the same game and prac-
tice routines on the same days. Almost three quarters
of the concussed athletes (72%) had the most or sec-
ond most severe head impact exposure for their mat-
ched control group. Fifty-eight percent of concussed
athletes had risk weighted exposure on the date of in-
jury that was greater than the 75th percentile for the
entire uninjured population (454 athletes). Therefore,
this unique analysis provided some evidence for the
role of repetitive head impact exposure in the onset of
concussion for a cohort of concussed Division I college
football athletes. While these trends require further
validation, the clinical implication of these ﬁndings
supports the contemporary trend of limiting head im-
pact exposure for college football athletes during
practice activities.
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